Study on Algorithms for Semi-Active Control of Isolation System with Variable Friction  by Chung, L.L. et al.
Available online at www.sciencedirect.com
The Twel
STUDY
I
2D
3Depar
Abstract 
The semi-ac
friction forc
pre-selected
investigated
of controlle
waveform i
system when
the design e
or close to t
feedback ca
Besides, the
velocity fee
field El Cen
© 2011 Pub
Keywords: S
a Correspondin
b Presenter: d94
fth East As
 ON AL
SOLATI
L. L. CH
epartment of Con
tment of Constru
tive isolation
e is a natural 
 far-field ear
 numerically.
rs are all sm
s. In accelera
 the intensity
arthquake, the
he passive on
ses with a larg
 state feedbac
dback cases. 
tro and near-f
lished by Else
emi-active, is
g author: chung@
05004@mail.ntu
ia-Pacific C
GORITH
ON SYST
UNG1a, C.
1National Cente
struction Engine
ction Engineerin
 system with 
mechanism o
thquake. The
 The maximu
aller than th
tion ratio, th
 is larger tha
 effectivenes
e due to the 
er exponent 
k case could 
These results 
ault Imperial 
vier Ltd.
 Sele
olation, fricti
ncree.org.tw 
st.edu.tw 
onference
MS FOR
EM WI
 Y. YANG2
r for Research on
ering, National 
g, National Kaoh
energy dissip
f energy diss
se control law
m platform d
at with the p
e proposed c
n the design 
s of accelerati
sufficient pa
can perform a
perform bette
of proposed 
Valley earthq
ction and/or p
on, seismic.
on Structur
 SEMI-
TH VAR
, H. M. CH
 Earthquake Eng
Taiwan Universi
siung First Univ
ating by fricti
ipation. The p
s in displac
isplacements
assive system
ontrol laws c
earthquake. H
on with the p
ssive friction 
pparently bet
r than the cor
simple nonlin
uakes. 
eer-review u
al Engineer
ACTIVE
IABLE F
EN2, and L
ineering, Taiwa
ty of Science and
ersity of Science
on force has 
roposed cont
ement, veloc
with the prop
 no matter 
an be more 
owever, if th
roposed contr
force. Gener
ter than the d
responding in
ear control la
nder responsi
ing and Co
 CONTR
RICTIO
.Y. LU3b
n
Technology, Tai
 and Technology,
been proved e
rol laws are d
ity and state 
osed three d
what intensit
effective than
e intensity is
ol laws may b
ally, the veloc
isplacement fe
dividual disp
ws hold true
bility of [nam
nstruction
OL OF 
N
wan 
, Taiwan 
ffective, and
esigned by a
feedback are
ifferent kinds
y or seismic
 the passive
 smaller than
e worse than
ity and state
edback case.
lacement and
 for both far-
e organizer]
1877–7058 © 2011 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2011.07.122
Procedia Engineering 14 (2011) 974–981
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
L.L. CHUNG et al. / Procedia Engineering 14 (2011) 974–981 975
1. Introduction 
Passive isolation system has been proved effective to reduce the ground acceleration propagating to the 
super-structure. Passive isolation is usually designed under a pre-selected design earthquake by 
minimizing acceleration and displacement responses of super-structure, and this implies that the isolation 
system may perform the best effectiveness in the design earthquake but may be worse in other intensity. 
The period of the isolated system can be elongated and shifted away from the range of the primary 
frequency contents of seismic excitations by adding a moving layer between the super-structure and the 
sub-structure (Murnal and Sinha 2002), and this results in a long-period dynamic system. For this reason, 
a near-fault earthquake possessing a long-period pulse waveform may induce an unexpected excessive 
displacement to the isolation system (Jangid 2005). In a word, a passive isolation is not adaptive when the 
system is excited by non-design earthquakes. Therefore, many researchers change their attention from 
passive isolation to semi-active isolation system. The semi-active isolation system is an alternative 
strategy to provide the adaption for the isolation facing to those seismic excitations different from the 
design load (Nagarajaiah and Saharabudhe 2006). The well-defined analytical benchmark problems have 
been developed for studying the seismic performance of various smart base-isolated buildings structures 
by ASCE (Nagarajaiah 2006). 
The basic idea of variable friction is that the friction force can be tuned indirectly by varying the 
normal force (Lu et al. 2010). The friction is a natural mechanism of energy dissipation. Comparing to 
MR, ER and fluid viscous damper, the stroke of friction damper due to normal force actuator is much 
smaller than other devices. In this research, the semi-active control device of variable friction is chosen 
and investigated. In active and semi-active control system, it is good that the number of sensors can be 
reduced as much as possible. So, only the platform displacement and velocity are measured in this 
research. The two nonlinear control laws of the platform displacement and the platform velocity feedback 
cases are proposed. After these two control laws are investigated, the state feedback cases by combining 
the corresponding displacement and velocity feedback cases are also studied. These three control laws are 
designed by a far-field earthquake and simulated to prove the effectiveness under both far-field El Centro 
and near-fault Imperial Valley earthquakes with different intensities. 
2. Equation of motion 
Figure 1 shows the schematic diagram of 2 degree of freedom (DOF) isolation system with variable 
friction damper. The spring provides the restoring force of the sliding isolation platform. The variable 
friction damper is the control device. The equation of motion in configuration space is: 
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where )(tx  is the displacement vector including structural displacement and platform displacement. M ,
C  and K  are the mass, damping and stiffness matrixes, respectively. The two suffixes of s  and b
denote the parameter for structure or isolation platform. 1B  and 1E  are the two distribution matrices of 
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friction force and excitation. The external excitation )(txg  is ground acceleration. There are two friction 
forces providing energy dissipation in this system, one is a passive friction force from the mechanism of 
system )(tui  and another is the variable friction )(tud  which is controlled indirectly by the normal 
force )(tN .
The Coulomb friction model is used here for the two friction forces ( iu  and du ):
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where iP  and dP  are the two friction coefficients for the two friction forces, respectively. In equation (2) 
and (3), the Coulomb models implies that the system is in slip state if the friction force is larger than 
maximum static friction force, or is in stick state if the friction force is smaller than maximum static 
friction force. For the variable friction damper, the maximum static friction force could vary with the 
controllable normal force output by controller. 
3. Semi-active control law 
Three controllers are introduced in this study. Basically, in active or semi-active control system, full 
state feedback is a possible choice. However, more measurements imply more economic cost and more 
loading of computation. So, in this research, only relative displacement, relative velocity of platform or 
both are measured. The first controller in displacement feedback is: 
SAd:
1)()( 1
Q
txGtN b  (4) 
where 1G  and 1Q  are two design parameters, gain and exponent. In this controller, the normal force 
(control force) is proportional to the absolute value of platform relative displacement to exponent power 
1Q  by gain 1G . Because the normal force is always larger or equal to zero, the absolute value of 
measurement is taken here. This process can be extended to next two controllers. The second type of 
controller is platform velocity feedback as follows: 
SAv:   2)(2 QtxGtN b  (5) 
In equation (5), it is similar to the platform displacement feedback (equation (4)) but the measurement 
replaced by absolute value of platform velocity relative to the ground. 2G  and 2Q  play the same roles as 
1G  and 1Q , respectively. Generally, the second controller is a kind of simulation to nonlinear viscous 
damper. The third controller is output by measuring the state of platform. The mathematic model is 
shown as: 
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where the parameter D  is a pre-assigned velocity that the control law switches. When the earthquake 
intensity is larger the design one, the platform displacement may exceed its limit. Therefore, higher 
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normal force should be applied when the platform response becomes larger. In this controller, when the 
platform response exceeds a limit, say Dt)(txb , both displacement and velocity feedbacks are 
triggered. However, there is no reason that the controller outputs a large control force under some 
excitation with small intensity. As a whole, it is platform velocity feedback when the response is small 
and it switches to platform state feedback when the response is large.  
Once the exponents 1Q  or/and 2Q  are assigned, the gains 1G  or/and 2G  are searched by optimization 
such that a performance index J :
passives
activesemis
tx
tx
J
)(max
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  (7) 
is minimized. The performance index J  is the ratio of peak structural absolute acceleration of the semi-
active isolation system to that of the passive system. Because the semi-active friction damper provides 
extra energy dissipation in addition to passive friction mechanism, the platform displacement of the semi-
active isolation system is always smaller than that of the corresponding passive system. On the other hand, 
structural absolute acceleration of the semi-active system may be larger than that of the corresponding 
passive system if semi-active friction force is controlled too much or too less. Therefore only absolute 
acceleration of super structure is considered in the performance index. The acceleration ratio ( aR ) is a 
ratio between the maximum absolute acceleration and the peak ground acceleration, which is shown as:  
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4. Numerical simulation 
4.1. System parameters 
For simplification reason, a rigid body is considered for representing the isolation object. The isolation 
frequency is Hz41.0 if  which is often seen in practical application (0.33~0.5 Hz). The coefficient of 
passive friction force iP  equals to 0.03 which is a common friction coefficient in passive isolation 
system. And coefficient of friction damper dP  is 0.1. In following discussions, the passive system is 
defined as the isolation system equipped with only passive friction with 03.0 iP  and no other energy 
dissipation mechanism. 
In structural control system, it is good if the control system can provide the effectiveness earlier while 
the excitation amplitude is small. Thus, the El Centro in 0.3 g and 0.2 g are chosen for designing the 
controllers in equation (4) and (5) respectively. The optimal parameters of controller (equation (4) and (5)) 
can be optimized through the minimization of the performance index (equation (7)). Because the passive 
friction coefficient 03.0 iP  is already large enough for energy dissipation under an excitation with 
small intensity, the gain for a large exponent 1Q  in displacement feedback cannot be designed by 
minimizing the performance index. So, the exponent parameters 0.1, 0.2 and 0.3 are selected for 
displacement feedback. Those optimal gains for corresponding 1Q  are shown in Table 1a. This problem 
will not occur in velocity feedback case, so the optimal gains are assigned for exponent parameters 2Q
from 0.1 to 2, and corresponding optimal gains are shown in Table 1b. Besides, the switch velocity (D )
is assigned to 0.3051 (m/sec) which is the maximum velocity in passive isolation under 0.3g El Centro 
earthquake.  
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4.2. Imperial Valley (near-fault) 
After those control laws are designed under far-field El Centro earthquake numerically, the isolation 
system with proposed control laws should be investigated under near-fault earthquake. Many researches 
have shown that an unexpected large displacement response may occur under near-fault earthquakes. 
Some numerical simulation results are discussed in this subsection. The maximum platform displacement 
of passive system subjected to Imperial Valley earthquake increases from 0.00112 to 1.26 (m), and the 
acceleration ratio increases from 0.660 to 0.884 with intensity varying from 0.05 to 1g. Comparing the 
results in El Centro, it is clear that the passive system cannot provide similar effectiveness under near-
fault Imperial Valley earthquake. 
From equation (4), the controller by displacement feedback (SAd) under Imperial Valley earthquake is 
simulated and shown in Fig. 2(a) and (b). Comparing to the passive case, the three cases with 1Q  equal to 
0.1, 0.2 and 0.3 have smaller maximum displacement than the passive one (Fig. 2(a)). With increasing of 
excitation amplitude, the maximum displacement for the three displacement feedback cases are 31.8% to 
82.0%, 71.2% to 86.7% and 95.3% to 95.8% of the passive one for the corresponding exponent 1Q . From 
this statement, the case with 1Q  equal to 0.1 could reduce more displacement under small excitation. The 
case with 1Q  equal to 0.1 may the best of the three cases in displacement no matter the excitation 
amplitude is large or small. In Fig. 2(b), the acceleration ratio of the three displacement feedback cases 
and the passive systems are all smaller than 1, which means four cases isolate the ground excitation 
effectively in different level. The reductions of acceleration ratio of the three displacement feedback cases 
are 120.2% to 85.0%, 105.4% to 89.2% and 100.21% to 96.6% of the passive one for 1Q  equal to 0.1, 0.2 
or 0.3, respectively. Herein, it is evident that the three displacement feedback cases with 1Q  equal to 0.1, 
0.2 or 0.3 have smaller maximum displacement but the three cases cannot perform more effectively than 
the passive one in acceleration response when the amplitude is smaller than 0.3 g. And the three cases 
become better than the passive one until the intensity is getting larger and larger.                                                         
The results of semi-active control by velocity feedback (SAv) subjected to Imperial Valley earthquake 
are shown in Fig. 3(a) and (b). In Fig. 3(a), all velocity feedback cases with different exponents reduce 
more displacement than the passive isolation system in different level. If the intensity is fixed on 0.05g, 
the maximum platform displacement increases from 72.7% to 99.8% of the passive system with 
increasing of exponent 2Q . And it decreases from 95.1% to 24.9% if the intensity is 1g. In Fig. 3(b), all 
the velocity feedback cases and the passive system work successfully because the acceleration ratio are all 
smaller than 1 for any intensity. The velocity feedback cases may not perform better but close to the 
passive system if the amplitude is smaller than 0.25g. The isolation effectiveness is getting better and 
better while the amplitude is getting larger and larger. The acceleration of the case with 1.02  Q  varies 
from 101.95% to 95.6% of the passive system with increasing of intensity, so it does not show much 
better for this semi-active case with 1.02  Q . But more advantages can been seen when an appropriate 
increment in exponent parameter 2Q  has been considered. Taking 2Q  equal to 1.5 as an example, the 
acceleration ratio in this case is 100% to 42.6% of the passive one for corresponding intensities from 0.05 
to 1g. And this case has the best isolation performance for these velocity feedback cases under near-fault 
Imperial Valley earthquake. 
Fig. 4(a) and (b) show the maximum platform displacement and acceleration ratio comparison of 
exponent 2.01  Q  and 75.02  Q  for displacement, velocity and state feedback (SAdv) subjected to 
Imperial Valley earthquake. From Fig. 4(a), the maximum platform displacements of the three feedback 
cases are smaller than the passive one. In Fig. 4(b), when the intensity is larger than 0.3g, three semi-
active control cases isolate the ground acceleration more effectively than the passive one in different level. 
The acceleration ratio of displacement feedback case may be a little bit larger than the passive system and 
the two other feedback cases are close to the passive system when the intensity is smaller than 0.3g. From 
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observation of Fig. 4(a) and (b), the state feedback case not only has smallest acceleration ratio but also 
pay smallest platform displacement in return.  
5. Conclusions 
From the numerical simulations, the three proposed control laws for isolation system with variable 
friction damper are effective for isolation purposes. Both the displacement (SAd) and the velocity 
feedback (SAv) cases show the potential to reduce the acceleration and displacement under non-design 
earthquakes no matter what waveform or intensity is. When the amplitude of the excitation is relative 
small, the performances of the SAd and SAv cases may be a little bit worse or close to the passive one. 
However, the performances of the SAd and SAv are getting better with increase of the intensity of 
excitation. Generally, comparing the two optimal cases of the displacement feedback (SAd) the velocity 
feedback (SAv), the velocity feedback may perform better than the displacement feedback case (SAd) in 
both maximum displacement and acceleration. In the state feedback (SAdv) case, it is possible that the 
combination of displacement and velocity feedback may perform better than the corresponding individual 
displacement and velocity feedback cases. 
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Appendix  
Table 1a. Optimal gain of displacement feedback SAd under 300 gal El Centro design earthquake (Far-field). 
1Q ġ 0.1 0.2 0.3 
1G  QN/(m/sec) 308 260 90 
J ġ 0.9594 0.9821 0.9942
Table 1b. Optimal gain of velocity feedback SAv under 200 gal El Centro design earthquake (Far-field). 
2Q ġ 0.1 0.5 0.75 1 1.25 1.5 1.75 2 
2G  QN/(m/sec) ġ 70 180 315 565 1013 1801 3170 5603 
J ġ 0.9879 0.9718 0.9655 0.9606 0.9565 0.953 0.95 0.9475 
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Figure 1: Schem
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Figure 3(a): Max. disp. of SAv.                                                         Figure 3(b): Acc. ratio of SAv.
Figure 4(a): Max. disp. of SAdv.                                                     Figure 4(b): Acc. ratio of SAdv.
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